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Abstract 
The accumulation of 
134Cs and 
85Sr within different parts of spring oilseed rape and spring wheat 
plants was investigated, with a particular focus on transfer to seeds after artificial wet deposition at 
different growth stages during a two-year field trial. In general, the accumulation of radionuclides 
in plant parts increased when deposition was closer to harvest. The seed of spring oilseed rape had 
lower concentrations of 
85Sr than spring wheat grain. The plants accumulated more 
134Cs than 
85Sr. 
We conclude that radionuclides can be transferred into human food chain at all growing stages, 
especially  at  the  later  stages.  The  variation  in  transfer  factors  during  the  investigation,  and  in 
comparison  to  previous  results,  implies  the  estimation  of  the  risks  for  possible  transfer  of 
radionuclides to seeds in the events of future fallout during a growing season is still subjected to 
considerable uncertainty. 
. 
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1. Introduction 
Radionuclides  intercepted  in  plants  can  be  taken  up 
and  redistributed  to  edible  plant  parts,  for  examples 
seeds.  The  rate  of  uptake  and  redistribution  of 
radionuclides  depends  on  growth  stage  of  the  crop, 
weather  conditions  and  the  type  of  radionuclide 
(IAEA,  2010;  Kinnersley  et  al.,  1997;  Pröhl,  2009), 
and radionuclide uptake is through either foliage (foliar 
uptake) or roots (root uptake). Foliar uptake is assumed 
the dominant pathway when deposition occurs during 
the growing season (Pröhl, 2009); as a well-developed 
crop with its large leaf area intercepts a majority of the 
deposited  radionuclides  (Bengtsson  et  al.,  2012; 
Vandecasteele  et  al.,  2001).  The  cuticle  layer  of  the 
leaf epidermis is assumed to be impermeable; however, 
it contains cracks and defects where radionuclides can 
enter (Handley and Babcock, 1972; Hossain and Ryu, 
2009;  Tukey  et  al.,  1961).  The  rate  of  radionuclide 
entrance through the cuticle layer depends on different 
physical  and  chemical  factors,  such  as  temperature, 
light, pH, the carrier of the radionuclide in the solution, 
the valence of the radionuclides, and the type of crop 
(Tukey et al., 1961). Radionuclides can also enter the 
plant system through the stomata, but this pathway is 
assumed  to  contribute  a  small  fraction  of  the  total 
amount of radionuclides entering the leaf (Eichert and 
Burkhardt,  2001;  Eichert  et  al.,  2002;  Tukey  et  al., 
1961). Similarly, the time of the crops harvest affected 
the redistributionof the radionuclides within the crop 
(Coughtrey and Thorne, 1983; Kirchmann et al., 1967; 
Tukey et al., 1961). When radionuclides enter through 
the cuticle layer, they are actively transported inside 
the  plant  cells  through  both  the  symplastic  pathway 
and an exchange mechanism between the phloem and 
xylem  i.e.  vascular  bundle  system  (Thiessen  et  al., 
1999). The redistribution of radionuclides is regulated 
mainly by their physiological behavior within the crop 
and  the  time  during  the  growing  season  when  the 
deposition occurred (Thiessen et al., 1999). 
The  monovalent  radiocaesium  ion  is  redistributed 
within  crops  to  a  higher  degree  than  the  divalent 
radiostrontium  ion  (Aarkrog,  1969,  1975,  1983; 
Eriksson  et  al.,  1998;  Müller  and  Pröhl,  1993).  The 
redistribution  of  radiocaesium  through  the  vascular 
bundle system takes place at different rates depending 
on the plant part targeted: 5−30% of the intercepted 
radiocaesium is taken up through the epidermis, and of 
this,  about  one-third  is  redistributed  to  the  seeds 
(Coughtrey  and  Thorne,  1983).  However,  of  the 
entrance of radiocaesium into crops occurs at an early 
growth  stage  or  just  before  harvest,  the  degree  of 
redistribution to the seeds is lower than if entrance of 2 
 
radiocaesium occurs at the time of seed development 
(Coughtrey and Thorne, 1983). 
Radiostrontium is retained by the cuticle layer of the 
epidermis  to  a  higher  degree  than  radiocaesium 
(Vadecasteele  et  al.,  2001),  therefore,  there  is  less 
redistribution to other plant parts in the vascular bundle 
system (Aarkrog, 1969, 1975, 1983; Bréchignac et al., 
2000; Müller and Pröhl, 1993). A maximum of 25% of 
the  total  radiostrontium  taken  up  by  cereals  is 
redistributed  to  other  plant  parts  within  the  vascular 
bundle system of which 5−10% of the radiostrontium 
being redistributed to the grain, and up to 50% to the 
roots (Coughtrey and Thorne, 1983). 
The transfer of radionuclides from the environment 
to  edible  plant  parts  in  a  given  situation  can  be 
described by a transfer factor (TF, m
2 kg
-1).  This is 
defined as a ratio between the activity concentration of 
radionuclides  in  plant  parts  (Bq  kg
-1),  for  example 
seeds, and the amount of radionuclides deposited per 
unit  area  (Bq  m
-2)  (Ehlken  and  Kirchner,  2002; 
Howard  et  al.,  1996;  Rosén  et  al.,  1996).  Transfer 
factors  have  only  been  determined  for  a  limited 
number of possible scenarios and have strong seasonal 
variation (IAEA, 2010). If a TF value relevant for a 
specific  situation,  i.e.  determined  under  similar 
circumstances,  is  unavailable,  the  assessment  of  the 
situation  after  deposition  of  radioactivity  can  be 
challenging and wrong decisions, either too cautious or 
too careless, about suitable measures for preventing the 
transfer  of  radionuclides  to  foodstuffs  may  be  made 
(Salbu,  2000).  The  transfer  of  the  intercepted 
radionuclides to edible plant parts can be described by 
a translocation factor (TLF, m
2 kg
-1). This is defined as 
the  ratio  between  the  activity  concentration  of 
radionuclides  in  plant  parts  (Bq  kg
-1),  for  example 
seeds, and the amount of intercepted radionuclides by 
the plant canopy per unit area (Bq m
-2) (Thiessen et al., 
1999; Vadecasteele et al., 2001). 
The aims of this study were to investigate 
134Cs and 
85Sr  accumulation  in  spring  oilseed  rape  (Brássica 
napus  L.)  and  spring  wheat  (Tríticum  aestívum  L.) 
after  wet  deposition  at  different  growth  stages;  to 
calculate  the  distribution  of 
134Cs  and 
85Sr  between 
plant parts; and, to describe transfer of 
134Cs and 
85Sr to 
seeds through TF and TLF values. The hypothesis was 
134Cs and 
85Sr accumulation in seeds depends on the 
growth stage of the plant, the type of radionuclide, and 
the plant type. 
2. Materials and methods 
2.1 Study area 
The study was conducted at the Ultuna meteorological 
and  agricultural  field  station,  Uppsala,  Sweden 
(59
○48′45″N and 17
○38′45″E). The texture of the soil 
at the site was clay (60% clay, 20% silt and 20% sand). 
Soil texture, pH (6.5), plant available phosphorous (57 
mg kg
-1), potassium (202 mg kg
-1) and calcium (3692 
mg  kg
-1)  were  determined  in 2010  and described by 
Bengtsson et al. (2012). 
The  meteorological  station,  described  by  Karlsson 
and Fagerberg (1995), monitors daily air temperature, 
precipitation, and wind speed. The long-term (30 years, 
1961-1990) annual mean air temperature was 5.6 
○C 
and the annual mean precipitation sum was 588 mm 
(SMHI, 2012). The growing season from 1
st May to 
30
th of September 2010 had a mean air temperature of 
15 
○C and precipitation sum of 293 mm (Department 
of Crop Production Ecology, 2013). During the second 
growing season in 2011, mean air temperature was 15 
○C  and  precipitation  sum  287  mm  (Department  of 
Croop Production Ecology, 2013). The temperature at 
the deposition and sampling occasions varied between 
10  and  21 
○C  and  there  was  no  precipitation  in 
connection  with  deposition  and  sampling  on  any 
occasion during the years of study (2010 and 2011), 
except for the last deposition and sampling occasion 
for  spring  wheat  in  2011  (0.1  mm)  (Department  of 
Crop  Production  Ecology,  2013).  Wind  speed  at 
deposition and sampling occasions was low; it varied 
between 1.3 and 3.6 m s
-1 in 2010, and, 1.3 and 2.7 m 
s
-1 in 2011 (Department of Crop Production Ecology, 
2013). 
2.2 Design of the trial 
A trial with a randomized block design, with 1 × 1 m
2 
parcels in three replicates (in total 60 parcels), was laid 
out in 2010. In order to cover seasonal variations, a 
new trial with the same design was laid on a nearby 
site  in  2011.  The  experimental  crops,  spring  oilseed 
rape (Brássica napus L.) variety ‘Larissa’ and spring 
wheat  (Tríticum  aestívum  L.)  variety  ‘Triso’,  were 
sown 12 May 2010 and 27 April 2011 as described in 
Bengtsson  et  al.  (2012)  and  managed  according  to 
common  agricultural  practices  for  the  region.  The 
radionuclides  selected  for  the  field  experiment  were 
134Cs (half-life of 2.07 years) and 
85Sr (half-life of 64.9 
days): it was assumed these radionuclides behaved in 
the  same  manner  as 
137Cs  and 
90Sr.  The  selected 
radionuclides were applied through artificial rain. 
The radionuclides were deposited on plants on spring 
oilseed rape at five different growth stages, which were 
according  to  the  Biologische  Bundesanstalt, 
Bundessortenamt  und  Chemische  Industrie  (BBCH)-
scale, (Hack et al., 1992). In 2010 these stages were 
leaf development, code 13 (three leafs unfold); stem 
elongation, code 32 (two visible extended internodes); 
10% of flowers on main raceme open, code 61; full 
flowering, code 65; and, beginning of ripening, code 
80. In 2011, the growth stages were leaf development, 
codes 15-19 (five to nine leafs unfold); full flowering, 3 
 
code 65; end of flowering, code 69; development of 
fruit, code 76 (60% of pods have reached final size); 
and, ripening, code 82 (20% of pods ripe, seeds dark 
and hard) (Fig. 1a). 
For  the  spring  wheat  in  2010,  the  growth  stages, 
according to the BBCH-scale were tillering, code 21 
(headshot and one side shot); stem extension, code 37 
(flag  leaf  visible);  flowering,  code  65  (on-going 
flowering);  development  of  fruit,  code  70  (medium 
milk); and, ripening, fully ripe, code 89. In 2011, the 
growth stages were stem extension, code 37 (flag leaf 
visible);  flowering,  code  65  (on-going  flowering); 
ripening, code 85 (dough ripeness); ripening, fully ripe, 
code 89; and, senescence, over-ripe, code 92 (Fig. 1b). 
2.3 Preparation and deposition of artificial radioactive 
rain 
The  artificial  rainwater  solution  was  prepared  from 
stock solutions as described by Bengtsson et al. (2012). 
In 2010 the stock solutions contained 5 MBq L
-1 
134Cs 
and 15 MBq L
-1 
85Sr and in 2011, they contained 40 
MBq L
-1 
134Cs and 37 MBq L
-1 
85Sr. 
134Cs was in the 
form of caesium chloride (CsCl) in 0.1 M HCl solution 
(Expanded uncertainty of ±10%) (Institute of Atomic 
Energy  POLATOM,  Otwock-Swierk,  Poland). 
85Sr 
was in the form of strontium chloride (Sr Cl
2) in 0.1 M 
HCl solution (expanded uncertainty of ±2.5%) (Areva 
Cerca  Lea,  Pierrelatte  Cedex,  France).  In  2010  the 
amount of 
134Cs applied at the different growth stages 
ranged from 24.5 to 30.9 kBq m
-2 and 
85Sr ranged from 
28.5  to  49.8  kBq  m
-2.  In  2011,  the  amount  of 
134Cs 
ranged from 40.2 to 41.0 kBq m
-2 and 
85Sr ranged from 
39.4 to 41.0 kBq m
-2. 
The  radionuclides  were  applied  with  a  rainfall 
simulator, as described in Bengtsson et al. (2012). The 
simulator  was  a  modified  version  of  the  drip 
infiltrometer  developed by  Joel  and  Messing  (2001). 
The amount of precipitation applied at each treatment 
was 1.00 ± 0.01 mm at an intensity of 1 mm 30 s
-1 and 
the  equipment  used  was  a  520  series  process  pump 
manufactured  by  Watson-Marlow.  A  windshield  was 
used to prevent wind disturbance during deposition in 
the early growth stages. 
2.4 Sampling and analyses 
In  both  years  plants  were  cut  5  cm  above  ground 
within  a  frame  (25  ×  25  cm2  square)  placed  in  the 
middle of each parcel two-three hours after deposition 
in three replicates, and in another three at harvest time 
(when plants were fully ripe): the whole plants were 
sampled. Spring oilseed rape was separated into four 
plant  compartments;  stem  (stem  and  attached  dead 
leaves),  siliques  (except  seeds),  and  remaining  seed 
materials.  Likewise  spring  wheat  was  separated  into 
four plant compartments; stem (stem and attached dead 
leaves), ears (husks) except seeds, and the seeds. 
The plant materials were weighed fresh, and then air-
dried (at a maximum of 40 
○C for a minimum of 14 
days) before being re-weighed for dry weight (d.w.). 
Thereafter, the plant material was milled and placed in 
35 mL or 60 mL plastic jars with a suitable geometry 
for  measuring  activity  concentration.  The  activity 
concentration of the radionuclides were expressed as 
Bq  kg
-1  d.w.  and  corrected  for  the  decay  between 
sampling  and  analysis.  The  results  obtained  for 
sampling from early growth stages measured in 35 mL 
jars  were  corrected  for  the  degree  of  filling  due  to 
small amount of plant material; the correction factor 
for  each  detector  was  determined  according  to 
Bengtsson et al. (2012). 
The  actual  concentration  of  radionuclides  in  the 
artificial  rainwater  and  in  the  plant  materials  were 
measured  by  High  Purity  Germanium  (HPGe)-
detectors  (GMX-13200,  GMX-33210,  GMX-20200), 
and  the  measured  activity  concentrations  were 
analysed  and  presented  with  the  computer  software 
Genie™  2000  (ﾩ  Canberra,  Meriden,  Connecticut, 
USA,  2009).  The  activity  concentrations  measured 
included uncertainties of the efficiency calibration of 
the HPGe-detector, which was assumed to be one of 
the  main  sources  of  the  total  uncertainty  that  was 
measured  (Bronson  et  al.,  2008);  the  details  are 
presented in Bengtsson et al. (2012). Uncertainty of the 
total amount of radionuclides deposited was estimated 
according to the method described in the Guide to the 
Expression  of  Uncertainty  in  Measurement  (GUM) 
(Ellison et al., 2000; ISO, 1993), and was reported as 
the combined standard uncertainty uc(y). 
To determine whether different deposition occasions 
affected the total concentration in above ground plant 
at  harvest  similarly  in  both  crops,  each  radionuclide 
was linearly regressed and the concentration ins spring 
wheat was plotted against the concentration in spring 
oilseed rape (test 1 in Table 2), with one plot for each 
year. In the second test to determine whether different 
deposition occasions affected the total concentration of 
the two radionuclides in seeds at harvest similarly in 
both  crops,  the 
85Sr  concentration  from  the  linear 
regression  for  each  crop  was  plotted  against 
134Cs 
concentration in seeds (test 2 in Table 2), with one plot 
for  each  year.  Whether  the  radionuclides  were 
transferred to the seeds similarly for each crop during 
the two years of the experiment was also tested (Test 3 
in Table 2). Balanced analyses of variance (ANOVA) 
were  applied  for  TF  and  TLF  values.  All  statistical 
analyses were with the computer program R  version 
2.15.2 (© The R Foundation for Statistical Computing, 
Vienna, Austria, 2012). 
2.5 Calculations of TF and TLF 
The transfer factors for 
134Cs and 
85Sr (TF, m
2 kg
-1) 
were  calculated  as  the  activity  concentration  of  a 4 
 
specific  radionuclide  in  edible  plant  parts,  in  this 
instance seeds, at harvest (Ac, Bq kg
-1) divided by the 
amount of deposited activity (At, Bq m
-2) (Equation (1): 
Howard et al., 1996; Rosén e al., 1996, 2011). 
           ⁄   [m2 kg-1]     (1) 
The translocation factor for 
134Cs and 
85Sr (TLF, m
2 
kg
-1)  were  calculated  as  activity  concentration  of  a 
specific  radionuclide  in  edible  plant  parts,  in  this 
instance seeds, at harvest (Ac, Bq kg
-1) divided by the 
amount  of  intercepted  activity  at  deposition  by  the 
plant (Ai, Bq m
-2) (Equation (2): Thiessen et al., 1999; 
Vadecasteele et al., 2001). 
            ⁄   [m2 kg-1]     (2) 
3. Results and discussions 
3.1 
134Cs and 
85Sr activity concentration in plants 
Generally, if deposition took place later in the growing 
season,  the  activity  concentrations  of 
134Cs  and 
85Sr 
became  higher  in  different  plant  parts  of  both  crops 
(Table  1),  with  the  siliques  (except  seeds)  and  husk 
having the highest activity concentration and amounts 
of  both  radionuclides.  The  exception  was  spring 
oilseed  rape,  where  straw  in  2010  had  the  highest 
activity concentration of 
134Cs. In whole above-ground 
plant  of  spring  wheat  the  activity  concentration  of 
radiostrontium  was  higher  than  the  activity 
concentration  of  radiocaesium.  The  total 
concentrations in the above ground plant parts of both 
crops were correlated (test 1 in Table 2, spring wheat 
all plant parts vs. spring oilseed rape all plant parts, by 
radionuclide and by year, see Supplementary data 4 for 
the  plots),  indicating  that  growth  stage  affects  both 
radionuclides in a similar way. 
The  average  activity  concentrations  in  seeds  at 
harvest  varied  with  the  time  of  deposition  for  both 
crops.  Activity  concentrations  were  lowest  when 
deposition was during the early growth stages, slightly 
higher at deposition during the growth of the crops and 
flowering and highest at late deposition in the ripening 
phase  (Table  1).  Lower  transfer  during  early  growth 
stages  can  be  a  result  of  lower  interception  and 
retention of radionuclides due to fall-off and wash-off 
in early growth sages (Colle et al., 2009). At growth 
stage 65 in 2010 the values for 
134Cs in spring oilseed 
rape  were  lower  that  at  previous  growth  stages 
probably due to experimental error (Table 1). Even so, 
the increase in radionuclide concentration in seeds with 
development stage was less than for other plant parts 
(straw and siliques), which might be due to dilution as 
seed  biomass  increases  in  the  later  growth  stages 
(Coughtrey  and  Thorne,  1983).  For  spring  wheat, 
Aarkrog  (1969)  and  Eriksson  et  al.  (1998)  found 
similar  results, 
134Cs  accumulation  in  the  seeds 
increases most in the later growth stages during foliar 
contamination of spring wheat by 
134Cs and 
85Sr. 
85Sr 
concentrations in seeds were lower than those in straw, 
and in both cases, the highest concentration of 
85Sr was 
found  when  contamination  occurred  just  before 
harvest.  For  spring  oilseed  rape,  there  is  a  lack  of 
published  data  on  the  interception  and  transfer  of 
radionuclides to seeds after deposition in growing crop. 
All  comparisons  of  radionuclide  accumulation  in 
seeds  were  significant  except  for  spring  wheat  grain 
2010 (Test 2 in Table 2, 
85Sr activity concentration in 
seeds vs. 
134Cs activity concentration in seeds, by crop 
and by year, Supplementary data 4 for the plots). This 
indicates  that  the  way  the  intercepted  amount  of 
radionuclide was transferred to the seeds was similar 
for  both  radionuclides.  All  comparisons  between  the 
two  years  were  significant  (test  3  in  Table  2,  2010 
seeds  vs.  2011  seeds,  by  radionuclide  and  by  crop, 
Supplementary data 4 for the plots), indicating the way 
the intercepted amount was transferred to the seeds did 
not differ between the two experimental years. 
The lower transfer of 
134Cs and 
85Sr can be due to 
lower retention of radionuclides after fall-off in early 
growth stages (Colle et al., 2009), and in addition to 
dilution of the radionuclides due to rapid growth of the 
plant  in  early  stages  contributing  to  lower  transfer 
factors  (Colle  et  al.,  2009;  Eriksson  et  al.,  1998). 
Several studies found that the highest transfer to cereal 
grains (barley, wheat, rice and rye), takes place after 
emergence of ears (Colle et al., 2009; Eriksson et al., 
1998;  Middleton,  1958,  1959;  Vandecasteele  et  al., 
2001; Voigt et al., 1991). 
3.2 Distribution of 
134Cs and 
85Sr between above 
ground plant parts 
The majority of the uptake of the radionuclides by the 
plants  ended  up  in  the  straw,  with  a  small  amount 
being directed to the seeds (Supplementary data 2, for 
the  distribution  of  plant  material).  In  general,  at 
harvest, the distribution of the radionuclides between 
the different plant parts of spring oilseed rape varied 
little between the different deposition occasions (Table 
3);  there  was  a  tendency  for 
134Cs  to  increase  in 
siliques  and  the  level-off  or  decrease  in  straw  after 
deposition in late growth stages. In spring wheat, the 
largest amount of 
134Cs uptake was re-distributed to the 
straw, but a significant amount ended up in the grains 
in  both  years  (Table  3).  In  2011,  more 
134Cs  was 
redistributed  to  grain  than  to  straw,  and  the  ratio 
between  the  grain  and  straw  biomass  of  the  wheat 
plants was higher in 2010. In both years, the amount of 
134Cs tended to decrease in grain with respect to earlier 
growth  stages  at  deposition;  although  in  2011,  this 
trend was not observed for deposition at stage 89. The 
redistribution of 
85Sr to grain was higher in 2011 than 
in 2010, but amounts in straw were still the highest. 5 
 
For 
85Sr,  no  trend  in  changes  of  the  distribution 
between  plant  parts  as  a  function  of  deposition 
occasion  was  detected.  These  findings  were  in 
agreement with Bogdevitch et al. (2002), who studied 
root uptake of 
137Cs and 
90Sr in oilseed rape 12 years 
after  the  Chernobyl  accident  and  found  on  average 
65% of 
137Cs and 82% of 
90Sr went to the straw, with 
only 3% of 
137Cs and 6% of 
90Sr going to the seeds. 
Similarly,  Putyatin  et  al.  (2006)  investigated  root 
uptake and accumulation of 
137Cs and 
90Sr in different 
plant parts of spring wheat grown on a contaminated 
loamy san soil and found 85% of 
137Cs and 91% of 
90Sr 
in straw, and 18% of 
137Cs and 8% of 
90Sr in grain. The 
distribution pattern of radionuclides between the above 
ground plant parts after the radionuclides were applied 
to a growing crop was similar to other studies where 
uptake of radionuclides was entirely from the soil; this 
indicated the distribution of the radionuclides between 
above  ground  plant  parts  is  independent  of  route  of 
entrance (root or foliar uptake), but we do not know 
how much was taken up through the roots in any of the 
cases.  There  is  a  possibility  that  radionuclides  fell 
directly onto the ground and were washed-off the plant 
surface,  especially  during  deposition  at  early  growth 
stages, which implies there might have been significant 
uptake  from  the  soil  after deposition.  With  this data 
alone,  foliar  and  root  uptake  could  not  be 
distinguished,  this  required  the  data  to  be  combined 
with  a  dynamical  simulation  model  describing  the 
dependency  of  foliar  and  root  uptake  on  weather, 
growth stage, and radionuclide. This study focused on 
the  distribution  of  the  radionuclides  among  above 
ground plant parts. The proportion of radionuclides in 
the  roots  could  be  more  dependent  on  the  pathway. 
Moreover, it is not known how much is adsorbed on 
the surface or absorbed in the straw and siliques/husk. 
The uptake from soil in years following deposition is 
usually lower than in the  year of deposition (Rosén, 
1996). 
3.3 Transfer of 
134Cs and 
85Sr to seeds 
The  TF  values  (Fig.  2)  had  the  same  trends  as  the 
harvested activity concentration of the radionuclides in 
the seeds (Table 1), as the amount of radioactivity per 
square meter was more or less the same applied in all 
treatments and on all occasions (i.e. the dominator in 
Equation  (1)  is  constant).  TLF  (Fig.  3)  were  less 
correlated  to  the  deposited  activity  concentration,  as 
they  were  a  function  of  the  intercepted  amount  of 
activity  (Equation  (2)),  which  varied  between 
deposition  occasions.  Despite  the  variation  in 
magnitude  of  each  transfer  factor  between  different 
depositions occasions, they presented a similar pattern 
of  the  TF  values:  the  2010  interception  data  are 
presented in Bengtsson et al. (2012). For spring oilseed 
rape,  interception  was  lowest  on  the  first  deposition 
occasion and remained constant for both radionuclides 
there  after  (Supplementary  data  1,  for  values  of 
interception).  For  spring  wheat,  interception  was 
highest  during  deposition  on  the  intermediate 
occasions.  As  the  transfer  factors  tended  to  increase 
during the later deposition occasions (in 3 of 4 cases), 
interception  alone  did  not  explain  the  final  activity 
concentration in the seeds. Other contributing factors 
may be the dilution of concentration due to growth of 
the biomass (Coughtrey and Thorne, 1983) and fall-off 
during the time from deposition to harvest (Colle et al., 
2009; Eriksson et al., 1998). However, the TLF values 
should be more reliable than TF values, as they also 
consider  the  proportion  of  the  deposited  amount 
actually intercepted by the plant (Supplementary data 
1, for values of TF and TLF). 
ANOVA was used to test whether the transfer was 
dependent on year, growth stage at deposition, type of 
crop,  and  type  of  radionuclide.  In  the  ANOVA  test, 
both  the  TF  and  TLF  values  for  both  radionuclides 
were dependent on the growth stage of the crop (p < 
0.0001), the type of crop (p < 0.0001), and the year (p 
< 0.0001), but not the type of radionuclide (p > 0.005). 
When the two crops were compared (Figs. 2 and 3), 
both  TF  and  TLF  values  had  similar  orders  of 
magnitude in 2010, but in 2011, the transfer tended to 
be higher for spring wheat grain than for seed of spring 
oilseed rape. However, the transfer in 2011 was higher 
for spring oilseed rape than for spring wheat, for the 
depositions occurring in the end of the growing season 
close to harvest. The transfer was higher in 2011 than 
in 2010. 
The  range  in  TF  values  for  spring  wheat  was 
<0.000−0.060  for 
134Cs  and  <0.000−0.065  for 
85Sr: 
Eriksson  et  al.  (1998)  found  a  similar  range  in  TF 
values  for  spring  wheat  (
134Cs:  0.001−0.112; 
85Sr: 
0.000−0.032). In a similar experiment, Vandecasteele 
et al. (2001) used 
137Cs and 
90Sr, and found TLF values 
for  spring  wheat  to  be  much  lower  (
137Cs: 
0.003−0.031; 
90Sr:  <0.000−0.003)  as  reported  in  the 
present  study  (
134Cs:  0.027−0.59; 
85Sr:  0.005−0.45). 
However, even if the transfer factors for spring wheat 
were in accordance with other studies, the variation in 
the  TF  and  TLF  values  was  corroborated  by  the 
different results for the two experimental years. This 
rendered the use of these values for predicting possible 
contamination  of  food  items  in  a  real  situation  as 
uncertain.  Thus,  preliminary  assessments  of  activity 
concentrations  in  crops  need  to  be  continuously 
sampled and monitored. 
4. Conclusions 
The  highest  transfer  of  radionuclides  to  seeds  was 
when  deposition  was  during  at  the  growth  stages 
closest to harvest. Spring oilseed rape seed preferred 6 
 
134Cs, whereas, spring wheat grains preferred 
85Sr. The 
activity concentration of both radionuclides generally 
increased in order: grain < straw < husks for spring 
wheat. Therefore, it was conclude the highest risk for 
transfer of radionuclides to humans via the food chain 
was when the deposition occurred towards the end of 
the growing season. 
The  majority  of  radionuclide  uptake  by  plant  was 
distributed to the straw, whereas, a small amount was 
directed to the seeds in spring oilseed rape. In spring 
wheat a small part was directed to the husk, and the 
amount of 
134Cs varied between the experimental years. 
The  proportion  of  radionuclides  in  plant  parts  at 
harvest and showed to be independent of the deposition 
occasion, even though it could be assumed deposition 
at early growth stages meant significant root uptake, 
whereas, at later stages, a majority of deposition was 
intercepted and directly taken up by the plants through 
the leaves. 
At  later  growth  stages,  majority  of  the  deposited 
amount can be prevented from reaching the soil if both 
straw  and  seeds  of  a  strongly  polluted  crop  are 
harvested  and  removed  from  the  field.  This  would 
presumably reduce root uptake of the radionuclides by 
crops in subsequent years. 
The relative variation in magnitude of each transfer 
factor  (TF  and  TLF)  among  different  deposition 
occasions followed a similar pattern. Transfer factors 
relating  activity  concentrations  in  seed  at  harvest  to 
deposition of  radionuclides  in  growing  oilseed  crops 
are to date unpolished, although a number of transfer 
factors  for  spring  wheat  are  already  available.  The 
variation  between  years  in  this  investigation  and 
among  earlier  published  transfer  factors  stresses  the 
need  for  further  field  and  modeling  experiments,  on 
both spring oilseed rape and spring heat, to improve 
understanding  of  the  mechanisms  causing  the 
variation,  which  can  be  used  for  reliable  predicting 
radionuclides in seeds after possible future radioactive 
fallout due to a nuclear accident and testing of nuclear 
weapons. 
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Fig. 1. a Growth stages in spring oilseed rape. Triangles indicate the stages of deposition in 2010 ( ) and in 2011 (▲). 
Illustration of the BBCH-scale by Giovanni Nigrinis (after Weber and Bleiholder, 1990).  Growth stages in spring wheat.  b. 
Triangles indicate the stages of deposition in 2010 ( ) and in 2011 (▲). Illustration with permission from Bayer Crop Science 
(2011), based on Zadoks et al. (1974). 
 9 
 
 
Fig. 2. a-d. Mean transfer factors (TF) (m
2 kg
-1) of 
134Cs (■) and 
85Sr ( ) for seeds after wet-deposition at five different growth 
stages in spring oilseed rape and spring wheat. The number of observations is on average n = 3 for all growing stages; except 
spring oilseed rape (2011, 2b), n = 2 at growing stages 65 for 
134Cs. Error bars indicate standard error of the mean (SEM). 
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Fig. 3. a-d. Mean translocation factors (TLF) (m
2 kg
-1) of 
134Cs (■) and 
85Sr ( ) for seeds after wet-deposition at five different 
growth stages in spring oilseed rape and spring wheat. The number of observations is on average n = 3 for all growing stages, 
except spring oilseed rape (2011, 3b), n = 2 at growing stage 65for 
134Cs. Error bars indicates standard error of the mean (SEM). 11 
 
Table 1. Activity concentrations of 
134Cs and 
85Sr (Bq kg
-1) in different plant parts at harvest (September) after wet-deposition at different growth stages in spring oilseed rape and spring wheat. The 
means and ranges are of three replicates (n = 3), except where ‡n = 2. Values with (*) are below minimum detectable activity. 
Year / 
Crop 
Growth 
stage at 
deposition 
134Cs   
85Sr 
    Seeds  Siliques (except seeds)  Straw  Whole plant 
  Seeds  Siliques (except seeds)  Straw  Whole plant 
2010 /   13  46 (34-64)  16 (0-48)
  39 (31-47)  36 (29-42)    25 (0-65)  23 (0-70)
  65 (23-141)  49 (5-128) 
Oilseed  32  622 (415-983)  1217 (966-1530)  917 (655-1230)  918 (692-1225)    <65*  57 (20-100)  67 (0-201)  - 
  61  725 (598-900)  1423 (1350-1510)  600 (570-644)  771 (716-846)    40 (0-120)
  303 (160-530)  111 (0-224)  135 (34-209) 
  65  612 (354-805)  1227 (1010-1360)  482 (341-565)  639 (486-725)    87 (0-137)  800 (550-1140)  219 (70-305)  313 (184-425) 
  80  1816 (1416-2126)  2590 (1900-3410)  11183 (8376-14986)  3284 (2398-4436)    1379 (1111-1733)  14767 (11400-19800)  3757 (3060-4970)  5534 (4417-7477) 
2011 /   15-19  174 (85-287)  127 (60-220)  223 (149-312)  189 (106-286)    20 (0-46)  33 (0-60)  24 (0-73)  24 (0-59) 
Oilseed  65  583 (279-888)
‡  370 (320-420)
‡  573 (358-787)
‡  519 (357-681)
‡    <24*  25 (0-50)
‡   <35*  - 
  69  769 (520-1256)  973 (700-1250)  860 (360-1210)  851 (489-1123)    30 (15-45)  117 (90-170)  15 (0-45)  42 (22-52) 
  76  3308 (2342-5101)  3000 (2070-4500)  2280 (1910-2480)  2656 (2100-2978)    902 (625-1416)  2017 (1300-3030)  344 (139-687)  812 (487-1417) 
  82  2448 (1123-3401)  7477 (1970-10800)  3940 (2550-5900)  4545 (2005-6421)    1281 (579-1824)  5160 (1060-9730)  1663 (1550-1730)  2477 (1409-3852) 
    Grain  Husk  Straw  Whole plant 
  Grain  Husk  Straw  Whole plant 
2010 /   21  6 (0-11)  60 (0-180)
  8 (0-24)
  9 (3-11)    3 (0-9)
  7 (0-20)
  <46*  - 
Wheat  37  263 (255-275)  470 (380-520)  447 (360-530)  399 (317-475)    <6*  <164*  374 (227-526)  - 
  65  677 (466-981)  1503 (930-2500)  1343 (1030-1910)  1091 (853-1528)    121 (0-241)
  1293 (550-2160)  912 (606-1280)  618 (416-858) 
  70  761 (500-982)  2347 (2070-2700)  1877 (1340-2440)  1385 (1015-1806)    362 (281-461)  2130 (2030-2240)  2293 (1750-2730)  1396 (1153-1522) 
  89  594 (357-1020)  7937 (5300-12200)  4073 (3270-4880)  2558 (1868-2936)    1065 (613-1720)  15167 (10700-22500)  7223 (7780-10500)  5672 (4170-7197) 
2011 /   37  257 (109-348)  413 (400-426)
‡  298 (113-491)  359 (336-381)
‡    <7*  104 (70-138)
‡  244 (54-488)  - 
Wheat  65  1133 (605-1810)  1209 (757-1880)  728 (0-1480)
  1053 (544-1703)    2403 (1341-4290)  1135 (425-1090)  921 (0-1900)  593 (159-1116) 
  85  1207 (1050-1370)  3927 (2270-5150)  1530 (1370-1710)  1635 (911-1717)    1237 (922-1420)  6087 (3520-7900)  2837 (2440-3060)  2295 (1683-2608) 
  89  1567 (1400-1800)  8485 (5680-11290)
‡  3095 (2110-4025)  2001 (2215-3788)
‡    2494 (1880-3037)  12325 (9250-15400)
‡  6312 (3090-10436)  4829 (3183-6475)
‡ 
  92  2430 (1890-3130)  27273 (25300-30520)  11300 (10400-13000)  8156 (7335-8929)    2650 (2030-3180)  25543 (23100-28730)  11900 (10700-13400)  8262 (7540-8771) 
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Table 2. Selected linear regression models for estimating activity concentration in the two crops. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3. Percentages of 
134Cs and 
85Sr in different plant parts of stages in spring oilseed rape and spring wheat at harvest 
(September) after wet-deposition at different growth stages. Means are from three replicates (n = 3), except where ‡n = 2. The 
percentage not estimated due to activity below minimum detectable limit is denoted by*. 
Year / 
Crop 
Growth 
stage at 
deposition 
134Cs   
85Sr  
    Seeds  Siliques (except 
seeds) 
Straw 
  Seeds  Siliques (except 
seeds) 
Straw 
2010 /   13  20  8
  72    14  14  72 
Oilseed  32  11  25  64    *  *  * 
  61  14  34  52    3  57  40 
  65  13  37  50    6  50  44 
  80  8  39  53    4  51  45 
2011 /  15-19  21  15  64    13  31  56 
Oilseed  65  16
‡  18
‡  66
‡    *  *  * 
  69  23  32  45    9  79  12 
  76  21  25  54    18  37  45 
  82  17  44  39    19  49  32 
    Grain  Husk  Straw 
  Grain  Husk  Straw 
2010 /   21  49  18
  33    *  *  * 
Wheat  37  34  6  60    *  *  * 
  65  34  4  62    7
  6  87 
  70  24  7  69    11  7  82 
  89  11  16  73    10  15  75 
2011 /  37  35
‡  9
‡  56
‡    *  *  * 
Wheat  65  68  16  16    36  28
  36 
  85  44  28  28    32  31  37 
  89  35
‡  35
‡  30
‡    31
‡  33
‡  36
‡ 
  92  17  40  43    18  37  45 
 
 
  AdjR
2  P   dy/dx  Intercept 
Test 1         
134Cs 2010 both crops  0.74  < 0.001   0.92  0.00 
134Cs 2011 both crops  0.83  < 0.001  1.43  0.00 
85Sr 2010 both crops  0.81  < 0.001  1.35  0.00 
85Sr 2011 both crops  0.75  < 0.001  3.02  0.00 
Test 2         
Oilseed rape seed 2010  0.73  < 0.001   0.56  0.00 
Oilseed rape seed 2011  0.84  < 0.001  0.35  0.00 
Spring wheat grain 2010  0.51  < 0.05  0.77  0.00 
Spring wheat grain 2011  0.86  < 0.001  0.81  0.00 
Test 3          
134Cs oilseed rape seed  0.54  < 0.05  1.57  0.00 
134Cs spring wheat grain  0.71  < 0.001  2.29  0.00 
85Sr oilseed rape seed  0.56  < 0.001  0.94  0.00 
85Sr spring wheat grain  0.65  < 0.001  2.60  0.00 